Abstract An extension of the large eddy simulation (LES) technique to two-phase reacting flows, required to capture and predict the behavior of industrial burners, is presented. While most efforts reported in the literature to construct LES solvers for two-phase flow focus on Euler-Lagrange formulation, the present work explores a different solution ('two-fluid' approach) where an Eulerian formulation is used for the liquid phase and coupled with the LES solver of the gas phase. The equations used for each phase and the coupling terms are presented before describing validation in two simple cases which gather some of the specificities of real combustion chamber: (1) a one-dimensional laminar JP10/air flame and (2) a non-reacting swirled flow where solid particles disperse (Sommerfeld and Qiu, Int. J. Multiphase Flow 19(6): 1993). After these validations, the LES tool is applied to a realistic aircraft combustion chamber to study both a steady flame regime and an ignition sequence by a spark. Results bring new insights into the physics of these complex flames and demonstrate the capabilities of two-fluid LES.
Introduction
RANS (Reynolds averaged Navier-Stokes) equations are routinely solved to design combustion chambers, for both gaseous and liquid fuels. Recently, in order to provide better accuracy for the prediction of mean flows but also to give access to unsteady phenomena occurring in combustion devices (such as ignition, instabilities, flashback or quenching), large-eddy simulation (LES) has been extended to reacting flows. As shown by the numerous examples published in the last years [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , this approach is very accurate in complex turbulent gaseous flows. This mainly results from the explicit and direct computation of the largest scale structures of the flow, which are the most difficult to model and contain a significant part of the physics controlling the flame.
However most LES calculations consider only gaseous flows and flames. The introduction of a dispersed liquid fuel raises two kinds of problems:
• The physics of a liquid fuel spray is very complex and is not yet fully understood [13] . The atomization process of a liquid fuel jet [14] [15] [16] [17] [18] , the turbulent dispersion of the resulting droplets [19] [20] [21] [22] [23] , their interaction with walls [24, 25] , their evaporation and combustion [26] are phenomena occurring for LES at the subgrid scale and therefore requiring accurate modelling.
• The numerical implementation of two-phase flow in LES remains a challenge.
The equations for both gaseous and dispersed phases must be solved together at each time step in a strongly coupled manner. This differs again from classical RANS where both phases can be solved in a weakly coupled procedure, bringing first the gas flow to convergence, then calculating the associated dispersed phase and iterating until convergence of both phases.
Attempts to extend RANS formulation to LES of two-phase combustion may be found in [7, [27] [28] [29] [30] . They are all based on a Euler-Lagrange (EL) description of the dispersed phase in which the flow is solved using an Eulerian method and the particles are tracked with a Lagrangian approach. An alternative is the Euler-Euler (EE) description, also called two-fluid approach, in which both the gas and the dispersed phases are solved using an Eulerian formulation. In RANS codes, the weak numerical coupling of the phases makes the EL method well suited for gas turbine computations, but RANS with the EE approach may also be found for example in simulations of fluidized beds [31, 32] or chemical reactors [33] [34] [35] , two examples of two-phase flows with a high load of particles. The experience gained in the development of RANS has led to the conclusions that both approaches are useful and they are both found today in most commercial codes. Moreover, coupling strategies between EE and EL methods within the same application are considered for certain cases. In the framework of LES of gas turbines, it is interesting to compare again EL or EE formulations.
Following the individual trajectory of millions of droplets created by standard injectors implies computer resources that are still far beyond the capacities of computers available today and even in the coming years. To overcome this problem the stochastic Lagrangian approach is usually introduced, where each particle is only a "numerical" particle, representing in fact a statistically homogeneous group of real particles. This reduces the number of particles to compute but implies modelling for these parcels of particles [36] . Moreover in order to reach the accuracy
